Using a novel algorithm for protein sequence/structure analysis, we propose a probable homology between the SWIB domain (the conserved domain of the 60 kda subunit of the SWIB complex involved in chromatin remodelling) and the p53-binding domain of the MDM2 oncoprotein. The homology suggests that the SWIB domain would adopt a structure similar to that of the MDM2 domain and that these two families of proteins may share a similar functional mechanism.
INTRODUCTION
The SWI/SNF complex, originally identified in yeast, facilitates transcriptional activation by remodelling chromatin (Wang et al., 1996) . The mammalian SWI/SNF complexes are present in multiple forms that are made up of 9-12 proteins called BRG1-associated factors (BAFs). BAF60 is encoded by a gene family consisting of at least three members: BAF60a is expressed in all mammalian tissues, whereas BAF60b and BAF60c are expressed preferentially in muscle and pancreas, respectively. BAF60a is present within one form of the SWI/SNF complex (complex A), while BAF60b is present in an alternative form of the SWI/SNF complex (complex B), which shares some, but not all, protein subunits with complex A and does not contain BAF60a. Complex B is sometimes referred to as SWI-B or SWIB (Nomoto et al., 1997) .
The SWIB domain is a conserved region of the mammalian BAF60b proteins, corresponding approximately to the residues between Gln285 and Pro365 of the human BAF60b. The SWIB domain has also been found as an isolated protein (i.e. not part of a larger protein) in Arabidopsis and Chlamydia. Chlamydia also have another copy of the SWIB domain fused to the C-terminus of a DNA topoisomerase (Stephens et al., 1998) . As parasitic bacteria, Chlamydia are auxotrophic for foreign * To whom correspondance should be addressed.
genetic material, and they probably have acquired the SWIB domain gene from a mammalian host. The SWIB domain in Chlamydia may participate in the chromatin condensation-decondensation, which is characteristic of the chlamydial developmental cycle and not found in any other types of bacteria. No structural nor biochemical information is available about the SWIB domain.
The MDM2 domain is the p53-binding domain of the MDM2 oncoprotein. MDM2 is a negative regulator of p53 and pRb activity; it acts as a cellular inhibitor of the p53 tumour suppressor in that it can bind the transactivation domain of p53 and downregulate its ability to activate transcription. Amplification of MDM2 is a common event in certain cancers and contributes to loss of function of p53 (Oliner et al., 1992) . Crystal structures of the MDM2 domain complexed with a fragment of p53 have been solved (Kussie et al., 1996) . The MDM2 domain binds an amphipathic helical peptide structure on p53 via a hydrophobic cleft.
In this paper, we used FUGUE, a novel algorithm for protein sequence-structure homology recognition (Shi et al., 2001) , to associate the SWIB domain with proteins of known structure. FUGUE uses environment-specific substitution tables and structure-dependent gap penalties to evaluate the likelihood of common ancestry between a given sequence structure pair. It has been extensively benchmarked in CAFASP2 (http://cafasp.bioinfo.pl) and LiveBench2 (http://bioinfo.pl/LiveBench), and has also been used for identifying a novel superfamily of enzymes that modify arginine (Shirai et al., 2001 ). Here we found strong evidence that the SWIB and the MDM2 domains share a common evolutionary origin and thus adopt similar structures. This suggests that the SWIB domain may interact with a helical peptide through a cleft on the surface. (Altschul et al., 1997) searches were performed under default parameters, but sequences with an E-value > 0.1 were removed from the final align- (Mizuguchi et al., 1998) . The first two sequences (denoted by PDB code) are those of Xenopus and human MDM2, respectively, for which the crystal structures are known. The third sequence is of the probable SWIB domain from Chlamydia trachomatis (Q9PJT3). The rest of the sequences are members of the SWIB domain, denoted by their SwissProt/TrEMBL accession codes. Residues in MDM2, which are involved in p53 binding are marked with asterisks. The consensus secondary structure is shown below the alignment: α, α-helical positions; 3, 3 10 -helical positions; β, β-sheet positions. The formatting convention of JOY is as follows: dark shade, α helices; light shade, β strands; upper case letters, solvent inaccessible; lower case letters, solvent accessible; bold type, hydrogen bonds to mainchain amides; underlining, hydrogen bonds to mainchain carbonyls; ∼, hydrogen bonds to other sidechain and/or heterogen groups; italic, positive mainchain torsion angles ϕ. ment. Sequence profiles generated with the PSI-BLAST searches were submitted to FUGUE (Shi et al., 2001 ). The resulting sequence-structure alignments were formatted with JOY (Mizuguchi et al., 1998) . A model for the structure of the probable SWIB domain (SwissProt/TrEMBL Q9PJT3) was built with MODELLER (http://guitar.rockefeller.edu/modeller/modeller.html; Sali and Blundell, 1993) on the basis of the structures of Xenopus (Protein Data Bank (PDB) code 1ycq) and human (1ycr) MDM2 and visually inspected with Rasmol (Sayle and Milner-White, 1995) and MIDAS (http://www. cgl.ucsf.edu/chimera/). Verify 3D (http://www.doe-mbi. ucla.edu/Services/Verify 3D/; Luthy et al., 1992) , ProsaII (http://lore.came.sbg.ac.at/People/mo/Prosa/prosa.
METHODS

PSI-BLAST
html; Sippl, 1993) and Procheck (Laskowski et al., 1993) were used to validate the structural model. Additional searches were made using the PSIpred (http://insulin.brunel.ac.uk/psipred/; Jones, 1999) and 3D-PSSM (http://www.bmm.icnet.uk/∼3dpssm/; Kelley et al., 2000) servers.
RESULTS AND DISCUSSION
A PSI-BLAST search for the probable SWIB domain (Q9PJT3), found as a single-domain protein in Chlamydia (Read et al., 2000) , detected most other SWIB domains in the NCBI non-redundant database after five iterations and converged. Using the sequence profile obtained from the PSI-BLAST search as a query, the sequence-structure homology recognition algorithm FUGUE produced results that strongly suggest a homology (and thus a significant structural similarity) between the SWIB domain and the p53-binding domain of the MDM2 oncoprotein (the MDM2 domain) (Z -score 6.7, >99% confidence). The structure of the MDM2 domain (Kussie et al., 1996) consists of two structural repeats, forming together an open bundle of four α helices, capped by two threestranded β sheets (Figure 2a) . The FUGUE alignment (Figure 1 ) revealed the conservation of structurally important residues throughout MDM2 and SWIB as detailed in the following. Many of the buried hydrophobic residues in the MDM2 domain are highly conserved in the SWIB domains (for example, alignment positions at 35, 39, 64, 67 and 68). In addition, there are well-conserved residues that are hydrogen-bonded to mainchain or other sidechain groups in the structures of MDM2 (Tyr at 42, Asp at 50 and Asp 62; all numbers refer to alignment positions). A highly conserved Gly is found at position 24, which is in the loop connecting α1 and α2 helices and adopts a positive φ mainchain torsion angle.
To confirm the hypothesis that the SWIB domain would adopt the MDM2 fold, a model for the structure of Q9PJT3 was built (Figure 2b) . The model possessed expected features such as properly packed hydrophobic residues in α-helices α1 (Ala at 20) and α1 (Leu at 64, Val at 67 and Phe at 68) and β-strands β1 (Pro at 12), β2 (Met at 30) and β1 (Ile at 57). The feasibility of the model was further confirmed by Verify3D (with entirely positive 3D-1D compatibility scores, except for at the unmodelled N-terminus) and ProsaII (showing close correlation in the energy graph to the two parent proteins, and an almost identical Z-Comb value (−7.03) to that of human MDM2 (−7.06)).
Independent lines of evidence for the hypothesis were obtained from the analyses using PSIpred, 3D-PSSM and PSI-BLAST. A secondary structure prediction by PSIpred suggested Q9PJT3 to have α-helices in the positions corresponding to those in MDM2. 3D-PSSM, unlike FUGUE which does not use any secondary structure prediction results, incorporated the results from PSIpred into its fold recognition analysis; the highest scoring match was with Xenopus MDM2. Although the E-value for this match was only moderate (0.434), it was still significantly better than that for the second best match (9.20). A reverse PSI-BLAST search starting from the sequence of Xenopus MDM2 detected weak similarity between the MDM2 and the SWIB domains; in the first iteration, all the statistically significant hits were from the MDM2 family, but immediately below these the search did detect a SWIB domain sequence with an E-value of 4.8. The search converged in the second iteration, and it again identified another SWIB domain sequence with an E-value of 2.8.
The p53 protein binds in a cleft of the MDM2 domain (Figure 2a ). The human MDM2 cleft is lined with 14 conserved hydrophobic and aromatic residues that are instrumentally involved in binding p53 (see Figure 1 , residues marked by asterisks), the majority of which interact with p53 via van der Waals contacts. The SWIB domains do not have conservation of most of these residues, but do have highly conserved residues at (or near) most of the respective positions. This suggests SWIBs involvement in protein-protein interactions through its surface cleft.
The closest approach of the interface between human MDM2 and p53 occurs when Gly at 40 and Ile at 43 of MDM2 form van der Waals contacts with both Phe19 and Trp23 of p53 (Figure 2c) . While Ile at 43 is well conserved at its equivalent position in the SWIB domain, Gly at 40 is replaced by a highly conserved Trp (Figure 2d ). This raises the possibility that the conserved Trp of SWIB may interact with a Gly during an interface with a helical domain of another protein (effectively inverting the positions of the residues). Other interactions, however, are likely to be different; some of the conserved residues on the putative protein-interaction surface of the SWIB domain are positively charged, resulting in a positive electrostatic surface (data not shown). Thus, electrostatic interactions may play a more dominant role in the SWIB-protein interactions.
A large-scale yeast two-hybrid assay (Uetz et al., 2000) has shown that YMR233W, a SWIB-containing hypothetical protein from Saccharomyces cerevisiae, interacts with DNA repair protein RAD51 and DNA topoisomerase I (see http://www.proteome.com/databases/YPD/reports/ YMR233W.html). Our model should help in further characterizing the putative interactions between the SWIB domain and these proteins.
CONCLUSIONS
We presented evidence for a distant homology between the SWIB and MDM2 domains. This hypothesis was supported by the conservation of structurally important residues and the feasibility of the model for the structure of a SWIB homologue. The homology may suggest a similar functional mechanism for SWIB in chromatin remodelling machinery (i.e. binding of a helical peptide).
